Since the first fatty acid amino acid conjugate (FAC) was isolated from regurgitant of Spodoptera exigua larvae in 1997 [volicitin: N-(17-hydroxylinolenoyl)-L-glutamine], their role as elicitors of induced responses in plants has been well documented. However, studies of the biosyntheses and the physiological role of FACs in the insect have been minimal. By using 14 C-labeled glutamine, glutamic acid, and linolenic acid in feeding studies of Spodoptera litura larvae, combined with tissue analyses, we found glutamine in the midgut cells to be a major source for biosynthesis of FACs. Furthermore, 20% of the glutamine moiety of FACs was derived from glutamic acid and ammonia through enzymatic reaction of glutamine synthetase (GS). To determine whether FACs improve GS productivity, we studied nitrogen assimilation efficiency of S. litura larvae fed on artificial diets containing 15 NH4Cl and glutamic acid. When the diet was enriched with linolenic acid, the nitrogen assimilation efficiency improved from 40% to >60%. In the lumen, the biosynthesized FACs are hydrolyzed to fatty acids and glutamine, which are reabsorbed into tissues and hemolymph. These results strongly suggested that FACs play an active role in nitrogen assimilation in Lepidoptera larva and that glutamine containing FACs in the gut lumen may function as a form of storage of glutamine, a key compound of nitrogen metabolism.
M
any plants respond to herbivory by an induced release of volatile organic compounds (VOCs), which are important chemical cues for natural enemies of the herbivores (1, 2) . Numerous studies have shown that this ingenious plant defense system is triggered by substances in the regurgitants of the herbivores. The best known of these plant volatile elicitors are the fatty acid amino acid conjugates (FACs) that first were identified from beet armyworm, Spodoptera exigua, larvae (3) but later also found in several other lepidopteran species (4) (5) (6) (7) (8) and other insects (9, 10) . Of the FACs, volicitin [N-(17-hydroxylinolenoyl)-L-glutamine], is the most active elicitor for seedlings of most cultivars of Zea mays (3, 11, 12) . Of the other FACs often found in lepidopteran larvae, N-linolenoyl-Lglutamine is active in Z. mays and in several other species of plants on which it has been tested. FACs with negligible activity are glutamine conjugates with linoleic, oleic, and other minor fatty acids (6) (7) (8) . Some lepidopteran species also contain glutamic acid conjugates, for example, tobacco hornworm Manduca sexta (11) and tomato hornworm M. quinquemaculata (13) .
By tracking radiochemically labeled volicitin in maize leaves, Truitt et al. (14) showed that initiation of plant defenses may be mediated by volicitin-binding protein-ligand interactions. A substance(s) other than volicitin was suggested to serve as a mobile signal within the plant for systemically induced VOC emissions (15) . Furthermore, application of volicitin to mechanically wounded leaves specifically induces the transcription of indole-3-glycerol phosphate lyase (Igl) and a specific sesquiterpene cyclase (stc1) in wounded as well as undamaged leaves on the same plant (16, 17) .
Although significant research is conducted on the role and function of FACs in induced plant defense, studies of the biosynthesis and physiological role of FACs in the insect have been seriously neglected. It is known that the fatty acid moiety of FACs is derived from the diet of the caterpillars (18) . Although the fatty acid composition of FACs approximately mimics the composition of unsaturated fatty acids in the food plant, saturated fatty acids are less preferred as substrates for FAC synthesis (19) . The amino acid components of FACs appear to be restricted to glutamine and glutamic acid. Specific incorporation of glutamine into FACs was reported in Spodoptera litura (20) , and a coupling enzyme for the glutamine conjugates has been isolated as a membrane-bound protein in gut tissues of M. sexta larvae (21) and in S. litura midgut tissues (22) . Surprisingly, it is still not clear what benefit insects gain from FACs that outweighs the elicitation of strong defensive reactions in plants. In 1974 Collatz and Mommsen (23) suggested that unknown compounds containing fatty acids and amino acids could serve as biosurfactants in the insect gut tract, but is that the main function of FACs? Mori et al. (6) showed that FACs accumulate in the gut lumen and can reach high concentrations (1.3-3.0 nmol/L in total FACs in gut contents). Furthermore, degradative enzyme(s) in the midgut hydrolyzes FACs to yield free glutamine and fatty acids (5) . The quantitative impact of FAC synthesis and degradation on glutamine metabolism raised the question of whether FACs might also function as a way to store glutamine in gut lumen.
We investigated this question by focusing on the glutaminespecific biosynthesis of FACs, its function for the ammonia assimilation, and the glutamine uptake in S. litura larvae. The metabolism of FACs was exploited by tracing 15 N-, 13 C-, and 14 C-labeling components. This report offers both specifics and perspective on FAC function(s) for caterpillar physiology. blank spot at the hindgut at 30, 60, 90, and 180 min ( Fig. 1 A) indicated a frass pellet containing negligible radioactivity, suggesting a nearly complete absorption of glutamine. However, radiolabeled glutamic acid appeared to migrate slowly through the gut tract to the midgut (Fig. 1B) . Although a trace of radioactivity appeared in the hemolymph and fat body after 30 min, most glutamic acid remained in the gut tract for the duration of the 360-min experiment. Labeled linolenic acid did not appear to spread through the hemolymph but rather to accumulate mainly in fat body tissue (Fig. 1C) .
The quantitative determination of the fate of labeled glutamine and linolenic acid was accomplished by freezing and dissecting caterpillars 90, 180, or 360 min after feeding followed by scintillation counting. As expected, the distribution of glutamine within the body (hemolymph, fat body; midgut epithelium; gut lumen) did not change after 90 min [supporting information (SI) Fig. S1 A] . However, the total radioactivity decreased to Ϸ50% at the end of the experiment (360 min), which suggests an oxidative consumption in energy metabolism and exhalation as CO 2 (24, 25) . The linolenic acid count did not decrease for the duration of the experiment (Fig. S1B) . However, at 360 min a major absorption into the fat body was observed. TLC analyses approximately determined the composition of linolenic acid metabolites in the fat body as triacyl glycerols, diacyl phospholipids, and free fatty acids (49, 37, and 14%, respectively).
HPLC analyses of gut tissues and contents from larvae fed on labeled compounds were conducted to determine the level of incorporation into FACs. At 180 min after feeding, [ 14 C]linolenic acid radioactivity could be detected in FACs in the gut lumen. At 360 min, almost 67% of the radioactivity in gut lumen was found in FACs, with the rest being mainly free linolenic acid and some minor uncharacterized compounds (Fig. 2) . Interestingly, no detectable levels of 14 C-labeled glutamine were incorporated into FACs in tissues or gut lumen during the 360-min experiment (Fig. 2) . The result was the same with the 14 C-labeled glutamate-feeding experiments.
Amino acid analyses of gut contents, midgut tissues, hemolymph, fat body, and frass of S. litura larvae (Fig. 3) showed an inversion of the glutamine/glutamic acid ratio (from 0.40 to 21.5) between gut contents and midgut tissues. Because the larvae were fed on artificial diets with a decent amount of glutamic acid (Fig. 3A) , the high content of glutamic acid in the gut content was expected. The lower level of glutamic acid in gut cells and hemolymph was also not surprising considering that glutamic acid generally functions as a neurotransmitter in nerve/muscle junctions and, in locust, this function is impaired if glutamic acid is present in the hemolymph (26) . However, the fact that glutamine had the 3rd-highest concentration of amino acids in the midgut tissue (despite a 13th-place component in the diet; (27) .
The ammonia assimilation into FACs was studied by liquid chromatography-mass spectrometry (LCMS) analysis of regurgitant obtained from S. litura larvae treated with artificial diets enriched with [ 15 N]NH 4 Cl and glutamic acid. The labeling ratios for FACs calculated from area values of extracted ion chromato- 18 .1 Ϯ 0.3% for volicitin, and 16.7 Ϯ 0.4% for N-(17-hydroxylinoleoyl)-L-glutamine. These results clearly revealed that a 15 N-labeled nitrogen atom was incorporated into volicitin and the other FACs. However, 15 N NMR analyses of FACs, partially purified from the gut contents to remove other possible 15 N-labeled contamination such as amino acids, gave only one signal at 106.7 ppm ( To demonstrate the role of linolenic acid on nitrogen assimilation, S. litura larvae were fed a diet enriched with glutamic acid and ammonium chloride, with or without the addition of linolenic acid. Comparison of the amount of nitrogen in the diet with that excreted in the frass by the larvae showed that larvae on the nitrogen-enriched diet were able to assimilate 37.7 Ϯ 1.2% (n ϭ 3) of its nitrogen contents. However, adding linolenic acid to the diet increased the nitrogen assimilation efficiency to 60.6 Ϯ 0.8% (n ϭ 5). The experiments were repeated with 15 N labeling on ammonium chloride or glutamic acid to see in detail how linolenic acid worked for nitrogen assimilation. In both labeling cases, linolenic acid in the diet approximately doubled the total amount of labeled glutamine in the hemolymph (Fig. 5A) . Furthermore, amounts of 15 N-labeled FACs in the gut contents almost quadrupled with increased linolenic acid. This finding suggests that linolenic acid in some way increased the synthesis of glutamine from ammonia and glutamic acid. However, although labeled glutamine in the hemolymph doubled, even more of newly synthesized labeled glutamine was found incorporated into FACs in the gut lumen (Fig. 5A ). This suggests that [ 15 N]glutamine accumulation in hemolymph might be explained by the hydrolysis of 15 N-labeled FACs in gut contents as indicated in the putative model in Fig. 5B . These data strongly suggest an active role of fatty acids and FACs in nitrogen metabolism.
To study whether FACs function as storage of glutamine in S. litura larvae, we fed the larvae radioactive 14 C-labeled Nlinolenoyl-L-glutamine (with labeling on the linolenic acid moiety) to see whether FACs are hydrolyzed and the hydrolytic products are absorbed. After 360 min, Ϸ60% of the radioactivity had been absorbed into the fat body. Interestingly, no FACs were detected in the fat body or hemolymph, which strongly suggests that only (the labeled) free fatty acids were assimilated after hydrolysis of FACs. The hydrolysis of FACs in larval gut of Heliothis virescens and Helicoverpa zea has been reported (5). The same is the case for S. litura that typically excrete only trace amounts of FACs in their frass pellets when they are feeding on plant leaves. In the labeling experiment, the remaining 40% of the radioactivity was found in the gut contents and frass and was identified as hydroxylated FACs (10%), FACs (14%), and free linolenic acid (16%), which might be an artifact caused by a high concentration of FACs in the diet to detect the radioactivities of the metabolites. After the hydrolysis, free glutamine and fatty acids might be absorbed into hemolymph because only a trace amount of glutamine is usually detectable in frass when feeding on artificial diet (Fig. 3E) . This is also supported by the active uptake of glutamine from gut lumen shown in Fig. 1 A.
Discussion
Here, we report an active positive role of FACs in caterpillar physiology as a tradeoff against their mostly negative role of inducing plant defensive responses.
Since the report by Pare et al. (18) that glutamine was not derived from diet, the glutamine source for FACs synthesis has been in question, and this was initially the main topic of this work. Surprisingly, it turned out that glutamine in the diet was not immediately used for FACs synthesis, but rather the glutamine originated in the midgut cells. L-Glutamine in the diet was quickly transported from the gut into the hemolymph and fat body (Fig. 1) . In the midgut tissue, glutamine had the 3rd-highest concentration among all amino acids; but even more interesting, there was a significant change in the glutamine/glutamic acid proportion between gut contents and midgut tissues (Fig. 3) N]glutamic acid (37.6 ppm) and other metabolites were also found in the insect tissues after the feeding experiment (Fig. 4) . Thus, a considerable amount of the glutamine in glutamineFACs must have been derived from glutamic acid from the diet, and consequently GS conversion of glutamic acid to glutamine must be of importance for FACs synthesis. Conversion of glutamic acid to glutamine by GS has been reported to occur in malpighian tubes and gut epithelium (28) . In addition, GS activity has also been reported in fat body and several insect tissues such as muscles, the nervous system (29) , and salivary glands (27) .
Experiments with N-linolenoyl-L-glutamine containing radioactively labeled linolenic acid revealed hydrolysis of these FACs and absorption of the released linolenic acid mainly into fat body. It took 360 min for half of the FACs to be hydrolyzed and the radioactive linolenic acid to be absorbed into fat body, whereas free glutamine from the diet was rapidly (within 30 min) absorbed into hemolymph as mentioned above. Furthermore, some radioactivity was also observed in the frass, which was expected because fatty acids are usually detected in caterpillar frass. It is widely accepted that GS, which catalyzes the condensation of glutamic acid and ammonia, is one of the most important enzymes in nitrogen metabolism for most heterotrophs. That is true especially for herbivorous caterpillars who constantly suffer from deficiency of nitrogen nutrients. Furthermore, glutamic acid seemed to be less absorbable than glutamine ( Fig. 1 A and B) . This could be because glutamic acid generally functions as a neurotransmitter in hemolymph, and too much glutamic acid might cause cytotoxicity in insects (26) . Disorder in GS function and glutamine shortage can easily cause death (30) . Therefore, we wondered whether FACs with an obvious active role in nitrogen metabolism might even improve GS productivity in insects. As it turned out, enriching the diet with linolenic acid (2.4 times as much as original fatty acid contents) enabled larvae to assimilate more than twice as much ammonia and glutamic acid from their food (Fig. 5A) and greatly improved the total nitrogen assimilation efficiency from 40% up to Ͼ60%. Our previous article (22) suggested that S. litura larvae accumulates almost 5 times more glutamine as free amino acids in hemolymph than as FACs in gut lumen when feeding on artificial diet. However, as shown in Fig. 5A , the newly synthesized glutamine was coupled to fatty acid and secreted into the gut lumen as FACs rather than absorbed into hemolymph. FACs might function not only as a sink for glutamine by depleting glutamine in midgut cells to change the equilibrium to favor glutamine synthesis but also as a primary storage of glutamine synthesized by GS.
From our results, it is obvious that FACs have an active and much more multifaceted role in insect physiology than earlier thought. Recent data on FAC conjugase from the Tumlinson laboratory (C. Lait, M. Lobaido, A. Wiester, and J.H.T., unpublished data) together with previous hydrolysis data (5, 11) indicate that biosynthesis and hydrolysis of FACs may be regulated at different rates in 3 lepidopteran species, H. virescens, H. zea, and M. sexta. The biosynthesis, hydrolysis, and relatively rapid turnover of FACs, in combination with a very rapid assimilation of free glutamine, suggest that FACs in the gut lumen could also be considered as stored forms of glutamine, one of the key compounds for nitrogen metabolism in insects. Taken all together, we propose a putative scheme of biosynthesis of FACs in midgut tissues, as shown in Fig. 5B .
In general, lepidopteran species benefit from maximizing the growth rate. Shortening of the total larval stage might diminish the risk of parasitism (31) , minimize exposure to plant defensive substances such as phenol oxidase or proteinase inhibitor, which reduce food nutrition or prevent digestion in caterpillars (32) (33) (34) . Although elicitation of induced plant defenses and attraction of natural enemies by FACs are obvious tradeoffs, the positive effect on nitrogen assimilation might be a strong enough incentive.
Whether this holds true across a broad spectrum of species can be assessed by the fact that FACs appear to be significantly prevalent among lepidopteran species (N.Y., R.N., H.T.A., J.H.T., and N.M., unpublished data). However, there are some large-sized species that do not synthesize FACs. Consequently, FACs do not appear to be physiologically necessary in all species, nor is it appropriate to suggest that FACs are the only factors that affect weight gain.
FACs are not limited to Lepidoptera only. We have already reported glutamic acid and glutamine conjugates identified in crickets, larval fruit flies (10) , and in katydids (9) . In general, in most of the insects outside of Lepidoptera studied thus far, glutamic acid conjugates are dominant with only trace amounts of glutamine conjugates. However, the katydid is an exception. We have obviously only just initiated the study of the physiological role of FACs in insects, but in addition to the potentially important role as emulsifiers, FACs appear to have more advantageous functions worth the risk of eliciting plant defense reaction. Our results in this work set the stage for future studies that will determine the function(s) of FACs, other than as elicitors of plant defenses. . After evaporation of the solvent, pieces of the dried diet were moistened and then were consumed completely by last instar of S. litura larvae. The caterpillars were frozen at Ϫ24°C immediately or transferred to a piece of normal diet. After 10, 30, 60, 90, 270, or 360 min of feeding, they were also frozen. Each frozen caterpillar was sliced in half longitudinally. Autoradiograms were made with an Imaging Plate (IP) (Fujifilm) and developed after 16 h of exposure under Ϫ24°C. IP was processed with a plate reader BAS2000 (Fujifilm), and the scanned images were obtained with image processing software BASstation version 3.0 (Fujifilm).
Materials and Methods

Chemicals
In the same way, larvae treated with 5 L of L-[U-14 C]glutamine and ␣-[1-14 C]linolenic acid were frozen after 90, 180, and 360 min of feeding. The caterpillars were transected after the 3rd, 6th, and 9th segments, dividing into 4 parts: foregut-crop, midgut anterior, midgut posterior, and hindgut. Each part was further separated to gut contents, gut tissues, and hemolymph-fat body parts and then homogenized with Ϸ200 L of water and/or methanol. Each portion was added to 3 mL of emulsifying liquid scintillation mixture Aquasol-2 (PerkinElmer) and analyzed with a scintillation counter LSC-1000 (Aloka).
Gut contents and frass of the caterpillars were extracted with 50% water/ acetonitrile solution (vol/vol) and then analyzed by HPLC with UV detection at 200 nm (LC-10ADvp pump and SPD-M10Avp detector; Shimadzu). A reversedphase column (YMC-Pack ODS-AMQ, 250 ϫ 4.6 mm inner diameter; YMC) was eluted (1 mL/min) with a solvent of 40 -95% acetonitrile containing 0.08% acetic acid, in water containing 0.05% acetic acid over 40 min, and then 10 min with 95/5 acetonitrile/water. The column temperature was maintained at 40°C (CTO-10Avp column oven; Shimadzu). All peaks and fractions collected were analyzed with a liquid scintillation counter, as described above. Volicitin and N-linolenoyl-L-glutamine were identified by comparing peak retention times with those of authentic samples.
Further experiments on linolenic acid metabolites were conducted with the larvae fed ␣-[1-14 C]linolenic acid and then dissected and analyzed after 360 min. Fat body was homogenized with acetonitrile and centrifuged at 9,000 ϫ g for 10 min, then the residue was again extracted with ethanol/ether (4/1, vol/vol). These fractions were analyzed with TLC Wakogel F254 (Wako Pure Chemical Industries) by using hexane/ether/acetic acid (2/2/0.08) as developing solvent for simple lipids, and chloroform/methanol/water (65/25/4) for phospholipids. After iodine staining, each spot was identified with authentic standards such as monoacyl glycerol (Rf value, 0.14), diacyl glycerol (Rf value, 0.41), linolenic acid (Rf value, 0.60), triacyl glycerol (Rf value, 0.97), dilinolenoyl phosphatidylethanolamine (Rf value, 0.43), and dilinolenoyl phosphatidylcholine (Rf value, 0.13). Phospholipids were also stained with Dittmer-Lester reagent. Collected spots were analyzed with scintillation counting, as described.
14 C-labeled N-linolenoyl-L-glutamine was prepared as follows. Gut contents of the caterpillars, fed on ␣-[1-14 C]linolenic acid-enriched diets, were extracted with acetonitrile, and the radiochemically labeled N-linolenoyl-Lglutamine was purified with HPLC, as described above. A portion of the 14 C-labeled N-linolenoyl-L-glutamine fraction was added to pieces of artificial diet and fed to caterpillars, and then the caterpillars were transferred onto normal diets. After 360 min, the caterpillars were frozen and dissected to obtain fat body, gut contents, and gut tissues. These parts and frass were extracted and analyzed by HPLC, as described above.
Amino Acid Analyses. The amino acid analyses were conducted by the same method as described in ref. 22 . The amino acid extracts were loaded on a cation exchange cartridge Oasis MCX (6 mL; Waters) and extracted with 4 N ammonia solution (50% water/methanol). After evaporation and dilution in 100 L of water, the amino acid sample was mixed with 80 L of ethanol/ pyridine (4/1) mixture and 10 L of ethyl chloroformate and gently shaken for 5 min to derivatize each amino acid by the method of Silva et al. (35) . The reaction solution was extracted with 200 L of dichloromethane. Then, aliquots (1.0 L) of each sample were analyzed by gas chromatography-mass spectrometry (GCMS) (HP-5890 plus series II gas chromatograph with a 30 m ϫ 0.32 mm, 0.33-m film thickness, HP-5MS capillary column, interfaced to an HP-5989B mass spectrometer; Hewlett-Packard). The column temperature was held at 100°C for 5 min after injection and then programmed at 10°C/min to 290°C.
For quantitative analyses of amino acids, the samples were analyzed by GC (HP-6850 gas chromatograph with a 25 m ϫ 0.2 mm, 0.33-m film thickness, HP-5 capillary column; Hewlett-Packard) under the same analytical conditions as those used for GCMS analysis.
Ammonia Assimilation Assay. The last instar of S. litura larvae was transferred to artificial diets enriched with glutamic acid and [ 15 N]ammonium chloride (26 mg and 14 mg per 3 g of diet, respectively). After 16 h of feeding on the enriched diets, some caterpillars were frozen at Ϫ24°C. The icy gut contents were removed to plastic tubes and boiled immediately for 20 min to avoid enzymatic decomposition of FACs. Each gut content was added with 500 L of 50% water/acetonitrile solution (vol/vol) containing 10 g of N-palmitoleoyl-L-glutamine as an internal standard, then homogenized and centrifuged to obtain the supernatants for LCMS analyses. Negative ESI mass spectral measurements were carried out by an LCMS-2010A instrument (Shimadzu) combined with an HPLC system (LC-10ADvp pump, CTO-10ACvp column oven, and SCL-10AVvp system controller; Shimadzu). A reversed-phase column (Cosmosil 5C 18-AR-II, 50 ϫ 2.0 mm inner diameter; Nacalai tesque) was eluted (0.2 mL/min) with a solvent gradient of 40 -95% acetonitrile containing 0.08% acetic acid, in water containing 0.05% acetic acid, over 15 min. The column temperature was maintained at 40°C (CTO-10Avp column oven; Shimadzu). The gut extracts concentrated and diluted with CD 3OD were also analyzed in a 5-mm sample tube by single-pulse decoupling with an ECP 500 spectrometer (JEOL), with following minor changes in parameters: x 90 width, 24.8 s; x acquisition time, 1.1 s; x angle, 90°; x pulse, 5 s; relaxation delay, 1 s. Linolenoyl-L-glutamine with [amino- 15 N]glutamine and [amide- 15 N]glutamine were synthesized as described by Koch et al. (36) . Both compounds were analyzed in the same way: Ϸ20 mg of each compound along with [ 15 N]ammonium chloride (30 mg) as an internal standard was dissolved in 600 L of water/methanol (1/5, vol/vol).
Nitrogen Assimilation Assay. Low-nitrogen diets were used in this experiment. The low-nitrogen diets were prepared with 300 mg of artificial diet powder, Insecta LF (Nihon Nosan Kogyo Ltd.), 200 mg of agar powder, and 16.4 g of distilled water. This diet was enriched with 86.7 mg of glutamic acid and 32 mg of ammonium chloride (in total twice amount of original nitrogen contents), and then half of the diet was further enriched with 20 mg of linolenic acid (2.4 ϫ original fatty acid amount). Caterpillars were fed on these two types of diets for 12 h as preconditioning, and frass was discarded. Then, the experiment for nitrogen assimilation assay was started, and after another 16 h, frass was collected for analysis. After recording the weight of frass pellets excreted and of the diet eaten by caterpillars, diet pieces and frass pellets were thoroughly dried and analyzed with C/N analyzer vario III (Elementar). The nitrogen assimilation efficiency (%) was calculated as follows: (1 Ϫ excreted frass nitrogen contents/ingested food nitrogen contents) ϫ 100.
The labeling experiments were conducted basically in the same way but using either [ 15 N]ammonia or [ 15 N]glutamic acid instead of authentic nonlabeled compounds. The half-portion of these differently labeled diets were, respectively, further enriched with linolenic acid at the same concentration above. After 16 h of feeding, caterpillars were frozen and dissected into gut contents, gut tissues, and fat body with hemolymph. After recording net weight and volume, each part was prepared for FACs analysis by LCMS and amino acid analysis by GCMS as described.
